The small yellow croaker (Larimichthys polyactis) is an important marine economic fish that is 22 widely distributed in the East Sea, Yellow Sea and Bohai of China. However, the wild populations of 23 small yellow croaker are severely depleted, and there is currently a developing large-scale artificial 24 propagation of this fish for aquaculture. However, the current variety of small yellow croaker that is 25 cultivated is not capable to coping with large fluctuations in temperature. Therefore, it is important to 26 understand the molecular mechanisms that are activated in response to temperature stress in the small 27 yellow croaker. Here, we conducted transcriptomic analysis of the liver of small yellow croaker under 28 heat and cold stress. A total of 270,844,888, 265,727,006 and 259,666,218 clean reads were generated 29 from heat temperature group, low temperature group and control group, respectively, and comparing 30 expression of genes in these transcriptomes,10,878 unigenes that were differential expressed were 31 identified. Sixteen of the differentially expressed unigenes were validated by qRT-PCR. Pathway 32 enrichment analysis identified that the ER pathway, immune signaling pathway and metabolic response 33 pathway were affected by temperature stress. The results of this study provide a comprehensive 34 overview of temperature stress-induced transcriptional patterns in liver tissues of the small yellow 35 croaker. In addition, these results can guide future molecular studies of heat and cold stress response in 36 this species for improving the stock used for aquaculture. 37 38 sequencing 40 41 42 were identified for three comparisons: HTS-LTS, HTS-CT, and LTS-CT. The differentially expressed 131 unigenes were selected with |log2 (fold change) | >1, with statistical significance (P< 0.05) using R 132 package edgeR (Robinson M D et al. 2010 ) and the False Discovery Rate (FDR) set to < 0.001. 133
Introduction 43
Water temperature is considered to be the 'abiotic master factor' for fish (Brett J R 1971) , 44 impacting biological processes in aquatic animals, including development, growth, reproduction, 45 metabolism, behavior, and geographic distribution (Donaldson M R et al. 2008; Somero G N 2010) . 46
Although fish can adapt to variations in water temperature through physiological plasticity or 47 micro-evolution, severe diseases or death occurs when they are exposed to temperatures exceeding 48 their thermal tolerance capability (Whitehead A et al. 2011 ; Céline Bellard et al. 2012 ). Due to the 49 intensification of global warming, extremely low winter temperatures and high summer temperatures 50 have led to mass mortality in farmed fish and damaging the economic profit of aquaculture farms. This 51 has negatively affected the economic development of several countries where the economy is 52 dependent on aquaculture, including China, Israel, and South America (Ibarz A et al. 2010 ). Therefore, 53
investigating the mechanisms underlying temperature adaptation and tolerance in fish species that are 54 used for aquaculture is very important. 55
The small yellow croaker (Larimichthys polyactis) belongs is a warm-temperate near-bottom 56 migratory fish. It is widely distributed in the East Sea, Yellow Sea and Bohai of China (Li Z et al. 2011) . 57
The small yellow croaker is nutritious and its meat is of high quality, making it an important marine 58 economic fish. However, due to overfishing and deterioration of the environment in its native habitat, 59 the wild resources of the small yellow croaker are severely depleted (Chen WM and Cheng QQ 2013) . 60
Artificial breeding techniques of the small yellow croaker have been developed recently, laying the 61 foundation for large-scale artificial propagation of this species (Liu F et al. 2019 ). The wild population 62 of small yellow croaker migrates based on water temperature, remaining in areas that are suitable for 63 their survival during the different seasons (Johnson J A and Kelsch S W 1998). However, fish in 64 aquaculture cannot move beyond the cultured space and area, therefore they cannot migrate to higher 65 or lower temperature to survive changes in temperature. The current method to combat this problem is 66 through adjusting water temperature using thermostat, but this method increases production costs. 67
Therefore, identifying economic methods to increase survival of small yellow croaker under changing 68 temperatures is important for sustainable aquaculture. 69
Transcriptomics approaches are robust and reliable for identifying genetic pathways that are 70 important for response to various conditions, facilitating the exploration of global gene expression 71 changes caused by abiotic stress. Multiple studies have identified gene expression responses elicited by 72 temperature stress in various fish species, such as rainbow trout (Oncorhynchus mykiss) ( However, transcriptomic profile of L. polyactis under heat and cold temperatures stress remains 78 to be elucidated. In the present study, RNA-Seq analysis was conducted to evaluate the effects of 79 temperature stress on L. polyactis. The liver is involved in lipid, glucose and protein metabolism of fish 80 (Tan P et al. 2017), but also regulates stress response. Therefore, we focused on the liver tissues for 81 transcriptome analysis. Investigating the molecular mechanisms underlying temperature stress response 82 in L. polyactis will contribute to understanding its adaptation to changes in temperature and promote 83 the development of temperature-tolerant breeds for this species. 84 85 2. Materials and methods 86
Experimental design and sampling 87
One hundred and eighty small yellow croakers (55.0 ± 0.6 g) were obtained from the Marine 88 Fishery Institute of Zhejiang Province (Xishan Island, Zhoushan, China). The fish were randomly 89 divided into three groups with three tanks per group: heat temperature group (HTS), low temperature 90 group (LTS) and control group (CT). Fish were cultured in aerated water tanks (0.5 m 3 ) with 20 fish in 91 each tank, and the tank had a flow through sea water supply maintained at 20 °C. After 14 days of 92 acclimation, fish were placed under heat and cold stress by altering the temperature of the water in the 93 tank at a constant rate of 2 °C per 1 h. In the heat temperature group, temperature was increased from 94 20 °C to 32 °C, and the cold temperature group was decreased from 20 °C to 6 °C. Liver tissues were 95 sampled from five fish per group at 6 h, and samples were immediately flash-frozen in liquid nitrogen, 96
and then stored at −80 °C for further analysis. All the procedures performed on animals were approved 97 by the Guidelines for the Care and Use of Laboratory Animals in China. 98
RNA isolation, library preparation and sequencing 99
Total RNA of liver tissues was extracted using Trizol reagent (Invitrogen, CA, USA) in 100 accordance with the manufacturer's procedure. The total RNA quantity and purity were determined by a 101
Bioanalyzer 2100 and RNA 1000 Nano LabChip Kit (Agilent, CA, USA) and samples with an RNA 102 integrity number (RIN) above 7.0. Poly(A) RNA was purified from total RNA (5μg) using poly-T 103 oligo-attached magnetic beads with the two rounds of purification. The mRNA was then fragmented 104 into small pieces using divalent cations under elevated temperature. The cleaved RNA fragments were 105 reverse-transcribed to create the final cDNA library for the mRNA-Seq sample preparation kit 106 (Illumina, San Diego, USA), with an average of 300 bp (±50 bp) insert size for the paired end libraries. 107
The paired-end sequencing was performed on Illumina Hiseq4000 (LC Sceiences, USA) following the 108 vendor's recommended protocol and the raw data files were deposited to NCBI's Sequence Read 109
Archive (SRA). The accession numbers are SRR10082705 (CT1), SRR10082704 (CT2), 110 SRR10082698 (CT3), SRR10082697 (CT4), SRR10082696 (CT5), SRR10082703 (LTS1), 111 SRR10082702 (LTS2), SRR10082701 (LTS3), SRR10082700 (LTS4), SRR10082699 (LTS5), 112 SRR10082695 (HTS1), SRR10082694 (HTS2), SRR10082693 (HTS3), SRR10082692 (HTS4), 113 SRR10082691 (HTS5). as the reference for the differential expression analysis. 127
Differential expression analysis 128
The expression levels of a unigene was calculated using the Transcripts per million (TPM) method 129 
Validation using quantitative real-time PCR 141
To examine the reliability of the RNA-Seq results, sixteen DEUs were selected based on their 142 potential functional important for validation using quantitative real-time RT-PCR (qRT-PCR). The 143 housekeeping gene β-actin was used as the reference gene. Suitable primers (Table 1) were designed 144 using Primer Express 6.0 and synthesized by GENEWIZ (Suzhou, China) Co., Ltd. PCRs for each 145 sample were performed as triplicates with the SYBR Green dye (TaKaRa, Dalian, China) and 146
StepOnePlus TM Real-Time PCR System according to the manufacturer's protocol. RNA samples that 147 were used for the RNA-seq experiment were selected for this experiment. The qRT-PCR conditions 148 were as follows: 95 °C for 30 s, 40 cycles at 95 °C for 5 s and 60 °C for 34 s and dissociation curve 149 analysis was carried out to determine the target specificity. The relative expression ratio of the target 150 genes versus β-actin was calculated using 2 -△△ CT method (Schmittgen T D and Livak K J 2008). 151
Relative mRNA expression levels were statistically analyzed using SPSS 21 software. 152
Results 154

Transcriptome assembly and annotation 155
To identify genes that are differentially expressed under temperature stress, transcriptomes were 156 generated from liver samples of animals placed in the heat temperature group (HTS), low temperature 157 group (LTS) and control group. HTS was exposed to 32 °C and LTS was exposed to 6 °C, while the 158 control group was maintained at 20 °C. In total, 276,893,528, 271,842,088, and 265,003,108 raw reads 159 were obtained from HTS, LTS and CT, respectively. A total of 270,844,888, 265,727,006 and 160 259,666,218 clean reads were generated by filtering the raw reads from HTS, LTS and CT, respectively. 161
We predicted 86,584 transcripts from the clean reads and N50 length was 1,773 bp ( Table 2 ). The 162 length distribution of the transcriptome libraries is shown in Fig. 1 . 163
The value of Pearson's correlation coefficients (R) for sample expression was 0.6-0.97 for CT1, 164 CT2, CT3, CT4 and CT5, 0.69-0.977 for HTS1 HTS2 HTS3 HTS4 and HTS5, and 0.741-1 for LTS1 165 LTS2 LTS3 LTS4 and LTS5 (Fig. 2 ). This highlighted that there was strong correlation of gene 166 expression patterns in the replicate liver transcriptomes, demonstrating that collection methods were 167 accurate. Unigenes were functionally annotated using NCBI_nr, GO, KEGG, Pfam, Swiss-Prot and 168 eggNOG ( Table 3) . 169
Differential expression analysis 170
We constructed a heat map to identify patterns of unigene expression across the three treatment 171 groups ( Fig.3 ). Of these, 1,843 unigenes were expressed only in HTS-CT, 774 unigenes were expressed 172 only in LTS-CT, and 1,248 unigenes were expressed only in LTS-HTS, and expression of 664 unigenes 173 were shared across all groups. Compared to CT, 4,033 unigenes were upregulated and 3530 were downregulated in HTS, 1,997 unigenes were upregulated and 2,528 were downregulated in LTS, and 175 4,053 unigenes were upregulated and 2,774 were downregulated in both HTS and LTS ( Fig.4) . 176
GO enrichment and KEGG pathway analysis 177
To evaluate the biological and functional implications of the differentially expressed unigenes 178 (DEUs) under heat and cold stress, GO and pathway enrichment analysis were performed using the GO 179 and KEGG databases. There were 29 significant GO categories that were enriched in HTS, LTS and CT 180 groups (p < 0.01) belonging to three categories: biological process (10 subclasses), cellular component 181 (6 subclasses) and molecular function (13 subclasses) ( Fig.5 ). KEGG analysis identifies the associated 182 biological signaling pathways of unigenes (Fig. 6 ), and we found that 13 pathways were significant 183 enriched under HTS, LTS and CT groups (p < 0.01). "Protein processing in endoplasmic reticulum 184 (ER)" was the most enriched pathway, with 256 DEUs in this pathway. Other representative pathways 185
including "JAK-STAT signaling pathway", "NOD-like receptor signaling pathway", "Retinol 186 metabolism", "Spliceosome", and "Cysteine and methionine metabolism" were also identified. 187
Validation of DEUs by using qRT-PCR 188
Quantitative real-time PCR was performed on 16 DEUs to validate the expression patterns of the 189 DEUs that were identified by RNA-Seq. The qRT-PCR results were significantly correlated with the 190 RNA-Seq results (p < 0.01) (Table 4) , and all 16 genes showed the identical up-regulated and 191 down-regulated patterns in both qRT-PCR and RNA-Seq experiments (Fig.7) . 192 
Difference in gene expression patterns 208
In the present study, the liver transcriptome was assembled and gene expression differences in the 209 HTS, LTS, and CT groups were compared without a reference genome, as the small yellow croaker 210 genome has not been assembled. We predicted 86,584 transcripts and functionally annotated 211 approximately 37,702 unigenes, which was similar to other fish species, such as Atlantic Salmon 212 (Salmo salar) (Micallef G et al. 2012 ) and Oujiang color common carp (Cyprinus carpio var. color) 213 (Du J et al. 2019 ). N50 can be selected as a criterion to examination the quality of gene splice. Since 214 we did not have a genome of small yellow croaker, we estimated the N50 length using genomes of 215 large yellow croaker, which is closely related species with it. The estimated N50 length was 1,773 bp in 216 the small yellow croaker, which was similar to the N50 length of 1,943 bp in the large yellow croaker 217 (Shijun X et al. 2015) . The N50 value indicated that our assembled transcriptome was suitable for 218 analysis of DEUs between three experiment groups. We next identified DEUs across the different 219 treatment conditions, and found that heat treatment led to more up-regulated genes, and cold treatment 220 led to more down-regulation of genes. DEUs included the Heat shock proteins (HSPs) and the Relaxin 221 
Heat Shock Proteins family proteins 223
HSPs, also known as stress proteins and extrinsic chaperones, are expressed in all organisms when Multiple HSPs were differentially expressed in the small yellow croaker exposed to stress. Hsp70 236 and Hsp90 promotes the degradation of damaged proteins and Hsp90a regulates immune signaling 237 pathway to prevent the damage. Moreover, HSPs also regulate energy metabolism, lipid, and 238 carbohydrate levels to response to changing of temperatures. Therefore, our transcriptomic analysis 239 suggests that increases expression of HSPs protects the small yellow croaker from heat stress.
Relaxin Family Peptide Receptors 3 241
Temperature stress affects the physiology of fish at multiple levels, and can affect the central Therefore, the cranial nerve response of fish is important in its response to changes in temperature. 249
In the DEUs analysis, we found that RXFP3 expression changed significantly under temperature 250 stress (p< 0.01), which was up-regulated in HT vs LT (6.24-fold), down-regulated in LT vs CT 251 
Pathways that are differentially expressed under temperature stress 259
A number of enriched pathways were found in the different treatment conditions. These included 260 protein processing in endoplasmic reticulum pathway, immune signaling pathway and metabolic 261 response pathway, and details are discussed below.
Protein processing in endoplasmic reticulum pathway 263
Endoplasmic reticulum stress (ERS) is a vital mechanism of cellular self-defense, but strong and 264 long-lasting ERS leads to irreversible cell damage (Qing D and Zhen Z 2009) In lower temperature stress experiment, PERK was the only ER transmembrane protein kinases 286 that were down-regulated, and the expression levels of CHOP was similar to the control. Protein 287 Disulfide Isomerase (PDI) recognizes unfolded and partially folded proteins. Due to expression levels 288
were down-regulated of PDIs family associated proteins, the function of PNGase and DUB were 289 undermined causing the damage of ERAD function. However, up-regulation of Hsp40 could 290 compensate for the degradation level of ERAD ensuring the recovery and maintenance of liver function. 291
In conclusion, ER function may be important for the temperature stress response of the small yellow 292 croaker. 293
Immune signaling pathway 294
Studies of immune pathways often focus on disease (Maekawa S et al. 2017 ). However, stress 295 response and immune dysfunction are increasingly being linked through similar molecular pathways 296 In the NOD-like receptor signaling pathway, many genes were up-regulated after temperature 310 experiment, including NOD2 and signal mediators (TRIP6, Nemo, NFKB and JNK). The expression 311 levels of RIP2, CARD8, PSTPIP1 and HSP90 family were up-regulated under heat stress and 312 down-regulated in lower temperature stress. These expression changes are likely to indirectly influence 313 the immune system. Thermal stress experiment in the Indian major carp catla (Catla catla) also found 314 the activation of the NOD signaling pathway during thermal stress (Madhubanti Basu et al. 2015) . 315
Therefore, these immune signaling pathways are likely to play a role in temperature stress response in 316 the small yellow croaker. 317
Metabolic response pathway 318
The metabolism of fish is dependent on the environmental temperature, and changes metabolic 319 rate is one of the most rapid cellular responses to the change of temperature (Somero G N 2010a) . In present study, many biological processes were significantly altered when the small yellow 324 croaker were exposed to temperature stress. Metabolic response pathways, such as "Glutathione 325 metabolism", "Carbon metabolism", "Cysteine and methionine metabolism", "Arginine and proline 326 metabolism", "Retinol metabolism", "Oxidative phosphorylation", "Lipid and steroid metabolism", 327 "Fructose and mannose metabolism", "Amino acid metabolism" and "Carbohydrate metabolism" were 328 enriched in DEUs of animals exposed to temperature stress. This indicates that the regulation of 329 metabolic processes plays a key role of temperature response of the small yellow croaker. In particular, 330 metabolism of amino acids, carbohydrate and lipid were significantly influenced by the temperature 331 treatment, such as glycine, arginine, fructose, glycolate and glucose (Rawles S D et al. 2012 ). Under 332 heat stress, ATP-generating enzymes and glucose-6-phosphatase were up-regulated, suggesting that 333 heat stress led to a rapid production of ATP. This may be due in part to the requirement for ATP for the 334 function of molecular chaperones (Fink A L 1999a ). Under cold stress, genes involved in lipid 335 metabolism were down-regulated, repressing fatty acid synthase and ceramide kinase expression levels. 336
Exposure to cold modifies lipid metabolism by lowering total saturated fatty acids in juvenile red 337 drum (Craig S R et al. 1995) . Combined together, metabolic response pathways may play an 338 important role in the small yellow croaker's response to temperature stress. 339 340
Conclusions 341
In conclusion, our transcriptome analysis demonstrated that temperature stress significantly 342 altered gene expression in the small yellow croaker. A large number of DEUs were identified between 343 animals that were exposed to control, heat and low temperatures. In addition, RXFP3 was identified as 344 a candidate gene that mediates temperature response. DEUs were enriched in the ER pathway, immune 345 signaling pathway and metabolic response pathway. By identifying candidate genes and cellular 346 pathways involved in temperature stress response, we provide important insights for future strategies to 347 generate small yellow croaker breeds that are tolerant of temperature stress for aquaculture purposes. 
